Many attempts have been made in recent centuries to investigate friction, adhesion, lubrication, and wear. Most of the experimental approaches and theories were based on macroscopic experiments, such as tensile and indentation tests. For a long time, only the bulk properties of the materials were considered.
Introduction
Many attempts have been made in recent centuries to investigate friction, adhesion, lubrication, and wear. Most of the experimental approaches and theories were based on macroscopic experiments, such as tensile and indentation tests. For a long time, only the bulk properties of the materials were considered.
Late in this century a new term was created combining all of the above-mentioned properties which deal with the science of interacting material interfaces in relative motion: tribology. The state of the art of science today reveals that processing in nature depends strongly on interfaces that cannot be described only by buJk properties. Tribologists realize they must study the sliding surfaces by analytical surface-science tools. With the surface force apparatus developed by J.N. Israelachvili and D. Tabor,40 we have a surface analysis tool that provides new insight into the field of macroscopic sliding contact of lubricated systems.
After AmontOIlS' laws were established41 as a first attempt to describe sIlding friction analytically, theories were advanced over the course of this century. A classic discipline was developed: contact mechanics. More quantitative treatments of friction were developed by various authors. The energy dissipation in most processes in tribology induced the theorists to consider the sliding bodies as spring models creating phonon-phonon interactions. And with modem computer facilities, they started to perform computational experiments whenever classical experiments could not provide information on the sum icron scale.
With the inception of the field of scanning force microscopies by G. Binnig, 26 can adhere to the sample and undergo sliding start-up effects, known in tribology as static friction, and dynamic sliding effects by scanning. CM. Mate and G.M. McClelland took advantage of this situation, modified the scanning force microscope, and measured the lateral instead of the normal movement of the tip. 4 Their experiment provided the first friction measurements on the atomic scale.
With the development of the laser beamdeflection method (see next section), G. Meyer et a1. 5 and O. Marti et al. 6 produced a single detection setup capable of providing simultaneous information on normal and lateral movement of the tiny cantilever sliding over the sample surface. This article seeks to:
. highlight the problems of crosstalk on the topography and torsion signals and present a method that allows one to distinguish between topographically induced and frictionally induced torsion (friction loap), and . describe the first successful applications of the friction force microscope carried out on lubricating systems, such as organic films, also known as boundary lubricants.
These boundary lubricant films are either physically or chemically adsorbed on the solid surfaces and their exact microscopic nature remains largely unknown. Self-assembled organic films, such as Langmuir-Blodgett (LB) films, serve as model boundary lubricants. These films are known lubricants, behave in a solidlike manner, adhere well to substrates, and form ordered two-dimensional structures. The scanning force microscope provides a unique opportunity to study friction and wear resulting from a microscopic asperity on these organic compounds.
c.E Quate, and C. Gerber 1 in 1986; a surface analysis technique was introduced, able to probe any surface with a resolution on the atomic scale. Many groups worldwide have used this new technique to investigate surfaces of crystalline and amorphous materials and to examine inorganic and organic systems.:I The design of this real-space ~ytical tool is based on the scanning tunneling rnicroscope3 (Co Binnig, H. Rohrer, Nobel Prize, 1986), which scans a very fine tip over the sample surface. The scanning force microscope tip is located on a sensitive cantilever spring. Interactions between the tip and sample cause deflections of the cantilever. These deflections are monitored by a computer providing a two-dimensional image of the sample surface in real space. Depending on the load of the spring, the tip Experimental Details Mate et <;11.4 modified the atomic force microscope (AFM) to measure the deflection of the cantilever in response to lateral forces ( Figure 1 ). The sideways bending of the cantilever (tungsten wire) was detected using a laterC\lly. positioned optical interferometer. Wit~\ ~<~!/"'~ early measurements of lateral tdctiO1;L'rces, it was demonstrated that it is pof,-:;ible to measure lateral forces on a subr:~UI~ scale on graphite4 and mica7 (even though the spring constant of the tungsten wire was 2,500 N/m and 100 N/m, respectively), This astonishing resolution was possible because of the sensitive optical sensor (resolution <0.01 run). Since those initial experiments, several groupS8-11 have combined normal and Jateral-force detection.
Combined normal and lateral-force measurements can be performed by two different methods: In measuring the normal deflection simultaneously with the torsion (method B 111.11), only one sensor is required to acquire lateral (torsional) and nonnal force information. The reflected beam is monitored with a four-quadrant photo diode (Figure 2 ). Normal bending of the cantilever is measured by the intensity difference (1MB -lc+D) of the upper and lower segments of the diode. The signal difference (IMc -18+0) of the left arui right segments provides torsiooal information. These two measurements are performed simultaneously ( Figure 2 ). Within certain limits (see next section), methods. (A) and (B) are both sensitive to lateral (frictional) forces. To increase this sensitivity, detectionsensor-specific cantilever shapes are required ( Figure 3) .
A square or drcular cross section of the cantilever is required for method (A), to enable positioning of a second sensor. For method (8) , a flat rectangular cross section of the lever Is required. Also, a long tip is required for method (8) , whereas (A) should have a short one. The reasons for Method (8) has the advantage of needing only one detection sensor, and of beln2 convenient in air because the sensor z reSPoods qujdcly to the motion of the lever.
In generaL with the :laser beam deflection scheme, no feedthroughs are required, as in the optiea) interference AFM, making the method particularly adaptable to a UHV system. IS
FrictionaJ Information
The aim in measuring lateral or torsional deflections of the cantilever is to receive information about the frictional behavior of the scanned sample with respect to the cantilever tip. In all the detection methods discussed, the deflection sensor position is fixed. This immobilization of the sensor with respect to the dynamics of the cantilever can cause mechanical crosstalk between torsional, Jata3l, and nonnal movements. It is irrelevant whether the lateral forces are measured by bending or torsion, as tong as the cross section of the cantilever is accommodated in the detection method (d. Figure 3 ). The following discussion in lateral-force measurement, therefore, will be based on a sideways-positioned sensor SL.
As long as the cantilever is gliding over an atomically flat surface, the, bending force FM in the gliding direction scales with the same magnitude as the friction force Fpo The measured Jatera1 bending directioñ Invest igations is equal to the lateral movement of the lever. In this case, the detector SL acts as a tool to monitor real lateral (frictional) forces ( Figure 48 ).
Scanning over step sites gives rise to high torques on the cantilever tip. This, in turn, alters the cantilever's gliding direction, and the static-positioned sensor no longer measures parallel to the gliding direction ( Figure 4b) .
It would be possible to recalculate the lateral force FF if the exact geometry of the cantilever tip were known. In practice, however, the tip geometry and its exact orientation to the sample surface are unknown. Because of the intrinsic pr0b-lem of a static deflection sensor, frictional measurements, which require force monitoring parallel to the gliding direction, cannot be accurately performed on step sites. Instead, indication of the sharpness 28
Force
Using Friction Microscopy material specific. Because the cantilever is sliding. I1t is a measure for the relative sliding friction I1FSL. Static friction Fsr is given at the beginning (1) and (4) of each forward and reverse scan. The resistance against the sliding direction causes the hysteresis of the friction loop, which compares the forward with the reverse scan.
The inverse torsional signals of the forward and reverse scan is an important indicating device for deciding whether a torsional feature is caused by topography or friction.
Wear Properties of Organic Lubricants
In the science of tribology, seIf-assembled organic films pla~ an important part in fluid lubrication. 9 Several studies have demonstrated that the AFM can provide an important new view of ultrathin. wellordered organic OUlltilayer fiIms.2,3UI With sma1IIoadings, on the order of 10-9-10-8 N, it has been shown to be ~ssibIe to image Langmuir-Blodgett films.u.D Film thickness, mono-and multilayer steps, and the arrangement of molecules in the surface of the film have been recorded.14-:r1 The AFM has also been used as a tool to intentionally deform the films, creating features of tailored dimensiml. The forces required to deform the films are on the order of 10-6 N. More important for achieving plastic deformation than the norma1 load are intrinsic properties of the film (e.g., packing density), feechck loop frequency, and scan velocity. Wear occurs if the feedback loop frequency is smaller than some critical value, i.e" when the applied shear stress overcomes the material-specific yield point (see Figure 6 ).
To decrease the feedback control frequency per scan line, the scan velocity and/or the scan area (under constant scanline frequerq) can be increased. There is, however, an interesting contradiction. Decreasing the scan velocity can also cause wear ( Figure 7 ). The sliding velocity is an important parameter for friction forces. Sokoloff,a for instance, found in his model that (for sliding velocities that are small relative to the velocity of sound in the material), the friction force Ffri< is inversely proportional to the sliding velocity v, i.e., (steepness) of the step is deducted from the degree of cantilever twisting.
In order to extract frictional information from the torsion, it is important to compare the friction loop (forward and reverse scan of the torsional signal) with the topography. In Figure 5 , a forward and reverse scan line of a stepped surface is schematically drawn. The sample surface is assumed to be composed of a homogeneous material except for the lowest surface (e.g., an underlying substrate).
Step heights and widths of the terraces can be measured in the topographical mode. At step sites the tc:nim t shows outlines as discussed above. In the hcmogeneous part (2), t remains constant on either side of steps. On part (3) , where the material is different, the amount of t changes to another constant value. The difference I1t -t 1 -t 3 is independent of the topography and is where k is a material-specific constant. In Figure 7 , the velocity-wear dependence on a mixed L B film is documented. This figure shows that wear is strongly material specific. Whereas the hydrocarbon-containing part of the film (bright islandHke stnx:tures in Figure 7a 
In the adhesive theory of friction, friction is explained by asperity junctions.JI In these theories, the mechanics of stationary contact is extrapolated to the movingcontact situation. The time step of funning junctions is either infinite or zero, ie.. trere is or there is not a junction. A dynamic process, however, is time dependent. Therefore, the real area of contact, A, that is formed by the asperity junctions should be time dependent, i.e. Inter-and intralayer interaction can be compared on one-and two-bilayer Cdarachicfate Lan~~ir-Blodgett films by intentionally modllying the film surface and also by comparing the stacking behavior of two-or tour-layer films. Steps in onebilayer films ~re mostly qne monolayer in height (-27 A), and tw~bilayer films, one bilayer in height (-54 A) (Figure 8 ).
The applied £onE and the feedback-loop frequency required to disrupt the interfaces Vij (i = 1,2,3 andj -2,3,4), schematically represented in Figure 9 , allow a ranking of the interJayer (V:D,V3t) and substrate-film interaction VGt wlUch is: V31 < V23 < VU.
Tribologicallnvestigations Using Friction
Force Microscopy --- This scratching experiment corresponds to nondestructive measurements on various sample sites, which show that: . the interaction between the poW heads, V 23, is stronger than the interaction between the hydrophobic tails, V 34. This follows from the ciomirtanre of bilayer steps in the fourlayer system; .
the substrate-film interaction, Vu, is the strongest of all three of the mentioned interface interactions. This statement is deduced from the phenomenon that, in the one-bilayer system, mostly monolayer steps and rarely uncovered substrates are found.
Whereas it is easy to scratch the first bilayer (counted. from the film-air interface) of the two-bilayer system, it is difficult to remove the film entirely and to uncover the silicon substrate. Entire sheets are removed in the saatching process. This in. dicates larger intralayer interactions than interlayer interactions.
The ranking of the interactions can be estimated by the strength of the acting potentials. Attractive hydrophobic foo:es are acting between the tails of the molecules. They are much stronger than the van der Waals attraction at small sepa1'Ittion and are of surprisingly long range. H ydrophilic interactions are repulsive and form, together with the hydrophobic in-30 matjon of strong ionic bonds is responsible.
Future experiments with pure arachidic acid will clarify whether the ranking of interlayer forces is as pronounced as in the case of the soap Cd-arachidate.
teractions, some nonadditive net intralayer interaction. Cd ions-surfactants at the heads of the amphiphilic moleOlles-have the effect of stabilizing the film. G The hydrophobic interaction V12 is expected to be very strong. Considering the length of the molecules, it seems reasonable that the inUalayer interaction dominates the interlayer interaction, as concluded by the AFM results. The ranking V34 < V2'!, however, cannot be expJained by these two driving forces. It might be possible that the saponification (hydrolysis of esters into acids and alcohols) of the films that leads to the for- (Figure 11 ). The investigations, however, are performed only in the range of 1-10 nN and at low speeds of less than 1 p.mJs. Wear processes start at forces above a threshold of about 10 oN, primarily at film edges. The above observation of AFMinduced shear at film is1a1'ld; confirms the assumptioni9 that wear does not evolve continuously; instead, it starts at a critical force of 10 nN. The collective motion of molecules is preferred and the size of the sheared particles is detennined by the applied shear stress.
At loads of about 10 nN, before the onset of wear, increased lateral forces at step sites, arising mainly from a crosstaIk £rom topography.
The lubricating property of such organic layers is demonstrated with the AFM, and the factor of 10 differen:e in lubricated and unlubricated friction agrees with macroscopic-scale friction measurements. 34 No contrast difference can be observed between the two levels of the film (first and second bilayers). Within an uncertainty of 10%, the shear strength does not depend nTl thp thiC'knp!!!; nf thp!!p fjJmR. whether they are a two-or four-layer system. But it is expected that multilayer films of about 10 layers or more should provide differences in shearing.
Friction force measurement under varid) sites are measured ( Figure D) . As already mentioned above, lateral forces are higher at step edges. Varying the applied normal load in the range of about 2-:16 nN the frictional forces at step sites varies between four and 12 oN. This increase in frictional re&stance is due to nonideal force control at step edges (see the beginning of this section) and is also due to the increase, on impact, in contact area with the edge of the upper bilayer. On the silicon substrate, lateral force measurements increase as a function of normal forces. Figure 12a shows a 5.0 X 5.0 p,m2 topview AFM image of a 1:1 molar mixture of arachidic acid and partially fluorinated carboxylic acid bound ionically to a common cationic polymer (see schematic representation of the carboxylates in Figure 13 ). Round islandlike structures, 100 nm to 1 p.m in diameter and 1.6 om in height, above a surrounding sealike film are 0b-served. The higher circular domains in Figure 12a are assigned to the hydrocarbons and the surrounding flat film to the fluorocarbons, based partly on their different molecular lengths and partly on their different frictional behaviors (described later in this section). With molecular Iengths of -2.5 om and -2.0 run for the arachidic acid and the fluorocarbon-terminated 32 grc:phy ~ents (Figure 12a ) roughly indicate friction that is four times higher over the fluorinated regions than over the hydrocarbon regions. Holes in the film rṽ eal the silicon substrate (Figure 12b ). The silicoo, appearing as bright areas of high contrast in the lateral image, displays a friction force that is a factor of ten higher than the hydrocarbon domains. This difference in friction is in good agreement with other experiments performed on both the macroscopic and nanometer scales.26.Zi',36 In sum, from the AFM measurements on these phase-separared LB films, the relative friction oillie hydrocarbon, fluorocarbon. and silicon surfaces are shown to be 1:4:10.
The differences in friction are. not due to changes in topography. This point is demonstrated particularly well by the ability of the friction measurements to identify the scattered islands of extraneous material sitting atOp hydrocarbon domains. Whereas by normal-force measurement, only the geometry of the island is determined, by lateral-force measurement, the composition of the island is determined. The frictional response of the island corresponds to that of the circular hydrocarbon domains, thereby allowing it to be identified as hydrocarbon in nature. This assignment would not be possible with the normal AFM alone.
A surprising result is that the friction on the fluorinated areas is higher than that on the hydrocarbons. From the perf ormance of fluorin~ontaining lubricants, such as Teflon* (PTFE), a reduction in friction might be expected. However, it is known from surface force apparatus (SPA) experiments29 that fluorinated LB fihns have larger shear strengths than their hydrogen-containing counterparts.
These observations of friction and r0-bustness on the scale of nanometers can be applied to the study of tn"bology, particu1arly boundary lubrication. Boundary lubrication, as established by Hardy,37 deals with the lubricating effect: of the layers of lubricant in closest proximity to the solid surfaces undergoing frictional contact, and is of far-reaching importance in most surface-on-surface sliding mechanisms. Tre particu1ar advantage of the fluorinated film is its resistance to rupture, as known from both the SFA29 and AFM measurements. Therefore, the good performance of the fluorocarbon films as lubricants can be traced to an excellent stability in the presence of applied stress and a reduced hiction (compared to unlubricated surfaces), which create a reduction in wear to low values (reduction by a factor of 10,000).38 FN [10 .9N] add, respectively, a difference in height of -1.0 nm between domaiIls of the two components in this bilayer LB system is anticipated. Figure 12a shows a step height from sea to island of 1..6 rnn, a slightly greater difference that could be due to a greater tilt angle in the fluorocarbon domains.3S
In a separate series of experiments,AFM images have been recorded on LB bilayer fUms composed of a single carboxylic acid component: one from arachidate and one from the partially fluorinated carboxylate. The fluorinated acid film contains fewer defects than the arachidic acid film. These results support the assignment of the circular domains to the hydrocarbon c0mpo-nent, since holes are only observed in the circular domains in the mixed films. These holes are -5.0 nm in depth, consistent with the thickness of a bilayer. Furthermore, increasing the force while scanning disrupts the hydrocarbon but not the fluorinated areas, in both the one-and twocomponent films. The fluorinated sit~s show good resistance to rupture during sliding, which is in agreement with previous tribology experiments in the literature, usin% macroscopic measurement techniques.
Lateral-force measurements (Figure 12b ) performed simultaneously with the topa- 
Conclusions
The AFM is well-suited for studying wear and frictional behavior by simultaneous, bidirection!il normal and lateral measurements. It has been shown that complex phenomena of boundary lubrication can be studied. Material-distinct identification can be performed and film inhomogeneities exposed. Wear studies on LB films reveal an interesting-functional behavior depending on sliding velocities. This new technique allows a variety of tribological studies on all kind of materials, for example, inorganic compounds, that are most likely investigated under ultrahigh vacuum conditions to avoid ambient film formation on the surface; ~1B the origin of the resistance to sliding, such as elastic properties of the materials;'13 and interaction forces.3:I
